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Rate constants for the reactions of cumyl hydroperoxide and r-butyl hydroperoxide with ferrous complexes of ATP and citrate were measured 
at PI-I 7.4. These ligands are potential chelators of iron(B) in the low-molecular weight iron pool that may catalyze oxidative degradation of biomole- 
cules. The second-order rate constants for the reduction of cumyl hydroperoxide and f-butyl hydroperoxide by ferrous ATP are 3.1 x 1tY and 
1.3 x 103 ha-is-i, respectively, at 25°C and 0,ll M ionic strength. Ratea of reduction by ferrous citrate are similar. Activation enthalpies for these 

reactions average 10 kcal/mol. 

Fenton reaction; Adcnosine triphosphate; Citrate, Cumyl hydroperoxide; r-Butyl hydroperoxide; Ferrous nucleotide; Alkoxyl radical 

1. INTROBU@TION which reaction will dominate under physiological con- 
ditions, and to calculate rates of radical production. 

Recently, we reported rate constants for the reactions The topic of this comrnuniation is the third reaction. 
of iron (II)-nucleotide complexes with hydrogen perox- The organic hydroperoxides selected for this study 
ide [I]. These rate data indicated that the reaction pro- showed similar reactivities .towards ferrous complexes. 
ceeded faster when the iron(H) complex had more It seems reasonable that these results also apply to alkyl 
coordination sites occupied by water, in line with the hydroperoxides that are of a more physiological nature. 
presumed inner-sphere character of this electron 
transfer reaction. This trend is similar to that observed 
in a series of aminopolycarboxylate ligands [2,3]. If in- 2. MATERIALS AND METHODS 

deed steric factors contribute to the rate of reaction, Kinetic data were obtained with a stopped-flow spectrophotometer 
then one would expect alkyl hydroperoxides to react (Kinetics Instruments/On-Line Instruments Systems) maintained at a 

more slowly than hydrogen peroxide. constant temperature with a VWR 1160 circulation bath. Buffered 

It has been shown that iron bound to ATP and AMP solutions with the hydroperoxide and free ligand - ATP or citrate - 

[419 and possibly citrate [5], constitutes the major part 
were mixed with a ferrous ammonium sulphate solution, and the for- 
mation of iron(II1) was monitored at 300 urn. IO-fold stoichiometric 

of the small concentration of low-molecular weight iron excesses of cumyl or t-butyl hydroperoxide over iron(I1) were used 

complexes in vivo. This pool of soluble iron is potential- and all solutions contained 0.1 M NaCl and 5 mM phosphate (pH = 

ly harmful in that it can catalyze reactions that result in 7.4). Identical rate constants were obtained when iron(I1) was the ex- 

reactive oxyradicals [1,6]. Three such reactions are rele- 
cess reagent. ATP and citrateconcentrations were at least in S-fold ex- 
cess and of sufficient concentration (> 1 mM) to completely complex 

vant in this context: (i) the autoxidation of ferrous com- iron(B). First-order rate constants were determined at 2YC. Activa- 
plexes yields superoxide which, although not very tion energies were obtained by determining the effect of temperature 

reactive in water, is a precursor of more reactive radical on the rate of reaction at one concentration of alkyl hydroperoxide. 

species; (ii) the one-electron reduction of hydrogen Cumyi hydroperoxide, Cd45WWzCOOH, and r-butyl 

peroxide results in hydroxyl radicals directly, or via the 
hydroperoxide, (CHs)$OOH, were from Aldrich. Aquous stock 
solutions were prepared and quantified by the oxidation of iodide to 

ferry1 intermediate [1,3], and (iii) the one-electron iodine (I?). The disodium salt of adenosine 5’-triphosphate was from 

reduction of alkyl hydroperoxides leads to alkoxyl Sigma. All other common chemicals were of analyzed reagent quality 

radicals. ‘i%e hydroxyl radical is a powerful oxidant, aud the water was purified by reverse osmosis, deionization and Wltra- 

J?(‘OH/M20) = 2.31 V at pH 7 [7], that reacts in- 
tion (Marcor). 

discriminately with biomolecules at diffusion- 
controlled rates [g] . Alkoxyl radicals are less oxidizing, 3. RESULTS 

J!?‘(‘RO/ROH) = 1.6 V [9]. Rate constants for the The observed rates of iron(III) formation for reac- 
reactions mentioned above are essential to determine tions l-4 as a function of alkyl hydroperoxide concen- 

tration, are shown in Pig. 1. The reactions are 
Cofiesponderice ~~9dresss: W.H. Koppenoi, Biodynamics institute, first-order in both reactants and the observed rates are 
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Fig, 1. The dependence of the observed rate constants for iron(II1) 
formation upon alkyl hydroperoxide concentrations at pN 7.4, t = 
WC: (0) Fe**ATP $ cumyl-OOH; (0) Fe*rATP f obutyl-OOH; 
(e) F&itrate c cumyl-OOH; (a) Fencitrate + I-butyl-OOH. Other 
data points indicated (0) are for the reaction of Fe”ATP -I- t-butyl- 
OOH run with an excess of the iron(U) complex. At concentrations of 
cumyl hydroperoxide in excess of approx. 1 mM, the apparent rate 

constant decreases, probably due to micelle formation. 
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Figure 2. The temperature dependences of second-order rate con- 

the number of iron complexes oxidized per 
hydroperoxide consumed in invariant. In the case of 

stants at pH 7.4 for the reactions LFe** + ROOH. 1, L = ATP, R = 
1-l; 2, L = ATP, R = cumyl; 3, L = ATP, R = t-butyl; 4, L = 

citrate, R = cumyl; 5, L = citrate, R = t-butyl. 
cumyl hydroperoxide the stoichiometry is 1 because the 
cumoxyl radical decomposes to acetophenone and a 
methyl radical, as shotin in Eqn 1. t-Butyl hydroperox- 
ide was found to produce approx. two Fe(IPI), which in- 
dicates that the t-butoxyl radical is reactive towards 
excess iron(I1) complex see Eqns 2 and 4). 

Fe”ATP -!- C~HS(CII~)ZCOOH + I-9’ kl - 
Fe’“‘ATP I- C~HSCOCH~ + ‘CM3 (I) 

2 Fe*‘ATP -t(CN3)3COQH-t-2 I-I+ 2 
2 Fe”“ATP -t (CI-&COI-I (2) 

Fencitrate + C,&(CH3)zCOOH -t- HS --% 
Fe”‘citrate + GHsCOCH3 -I- ‘CI-IS (3) 

2 Fer’citrate + (CH~)~COOH + 2 I-I+ A 
2 Fe”‘citrate =+ (CH3)3COOI-I (4) 

The rate-limiting step in both cases is the one-electron 
reduction of the alkyl hydroperoxide by the iron(H) 
complex in Eqn 5, followed by the fast oxidation of 
iron(I1) by the resultant alkoxyl radical (if stable) in 
Eqn 6, as observed in Eqns 2 and 4, and in the reaction 
with cumylhydroperoxide with ferrous pyrophosphate 
at neutral PI-I [lo]. 

The alkoxyl radical does not react with dioxygen and 
the react,ion is therefore not affected by the presence or 
absence of dioxygen. This radical does not attack 
organic components in competition with Eqn 6 as readi- 
ly as does the hydroxyl radical; which can initiate chain’ 
reactions unless the reactions are monitored under 
anaerobic conditions. 

Temperature dependences (Bn k vs T-’ for reactions 
l-4, as well as for the reaction of Fe”ATP with 
hydrogen peroxide, are shown in Fig. 2. Activation en- 
thalpies oi the alkyl hydroperoxide reduction reactions 
average 10 kcal/mol. These data and those from Fig. 1 
are summarized in Table I, along with published data 
for the reduction of hydrogen peroxide by these com- 
plexes [I]. 

4. IXKXJSSION 

Rate constants for reductions of cumyl hydroperox; 
ide with Fe(II) at low pH, 16 M” - 5-l [l 1,121, and with 
the Fe(II)EDTA at neutral pH, I.1 x IO3 M”*s;’ [IO], 
are smaller than those reported for the corresponding 
reaction with hydrogen peroxide, 42 M-’ as-’ [I3] and 
7.0x IO3 M-‘as- 1 [2,14] by a factor of 3-6. A larger 
factor is observed if one compares the reductions of 
cumyl hydroperoxide and hydrogen peroxide by ferrous 

pe”ATP + ROOH + Fe’** (OH-)ATP + RO’ I (9 pyrophosphate at neutral pH, 0.83x IO3 M’l*s-l [l§], 

Fe”ATP + Hz0 +- RO’ + Fe”’ (OH-)ATP + ROW 
respectively. Ferrous ions liganded by bipyridine ,and 

(6) water showed aproximately equal reactivity towards 

11s 



Ilydrogcri jxroxidc, cinuyl hytlropcrositjc i\nd r-butyl 
hytlropcrosidu [ I(,]. WC find tllilt t’crrous ATE’ illId t’Cr’- 
1’0~s cicrucc rwcc slower u ;rh cumyl hydropcroxidc and 
I-hydropcrosiclc fhikll with hydrogen jxroxids by i\ t’X- 
for of 2-5. This is in part i3ccountcd for by a sfnfisticd 

filCtOr of 2, since I*202 IIi\N tW0 rcffctivc ‘-01-I sites 4ZOfll- 

piwd Co 0110 in tlic illkyl hydrojxroxidcs. ‘I’hc modest 
dccrcnsc in rntc which results form the nlkyl substifu- 
tion indicnfcs quite clearly that only one of the 
hydropcroxido osygcns is involved in the transition 
state complex that prcccdcs electron trnnsfcr. Wc hnvc 
previously obscrvcd in reactions of ferrous 
~~n7inopnlycarboxylatc co~?pIcxcs with hydrogen pcrox- 
idc that the rate incrcascs when at least one coordina- 
tion site is occupied by water, compared to a hcxn- or 
hcpta-coordinate iigand such as EDTA or BTPA. Ad- 
ditional ligandcd water molcculcs do not significantly 
incrcasc the rate [%,3]. Hence, the transition state in 
hydropcroxidc reduction is prcsumcd to be a fcrrous- 
hydropcroxidc intcrrnediatc involving a single iron-to- 
oxygen bridge [ 17,181. 

H 

I 
L-Fe”(MaO)-t- I-IOQR +, L-Fe”-OOR -+ 
L-Fe”‘-OI-I- -6 *OR (7) 

The similarity in activation enthalpics also suggests that 
possible differences in hydroperoxide bond strengths 
are not very important, although a relation between 
bond strengths in a series of stubstituted cumyl 
hydropcroxidcs and activation cnthalpics was cstablish- 
ed [17]. In our studies activation energies and rate con- 
stants appear to depend more on the iron complex than 
the species of hydroperoxide. The one-electron reduc- 
tion of an alkylhydropcroxidc is approximately 38 
kcal/mol more favourablc than the corresponding 
reduction of hydrogen peroxide [9]. It is clear that the 
overall energetics do not influence the rate of reaction, 
ESR-flow studies show that iron reduces 13-L. 
hydropcroxylinoleic acid with a rate constant of 
33 M-‘*s-’ at 2§‘C, which is comparable to 

III 

121 

I31 

141 
PI 

Ifi1 

I71 

PI 

I91 
II01 

III1 

I121 

1131 
1141 

IfSI 

1161 

I171 

If81 

If91 

P-Y 

Weaver, J. wd Pollxk, S. (19X9) IUochcm. J. 261, 787-792. 
Rakkrrcn, D,I.,, de Jcu-Ji~spnrs, C.hl,tl., van dcr I-icul, C, and 
VW By&, bl.G, (l!lW) Int. J. Iliochcm. II, 731-79H, 
Floyd, HA. and Lwis, C.A. (1083) Nochcniistry 22, 
2645~264Y. 
Koppcnol, W,H. (1989) in: I’ocus on Mcmbranu Lipid Oxida- 
tion. vol. I (Vigo-Pclfrcy, C. cd.) pp, l-13, CRC Press, Uocn 
Raton, 
Uuxron, G.V., Greenstock, C.L., Hc11na1~, W.P. and Ross, 
A.B. (1988) J. Phys, Chcm. Ref. Data 17, 513-886. 
Koppenol, W.H. (1990) FEBS Lctt. 264, 165-167. 
Reynolds, W.L. and Koirhoff, I.M. (1956) J. Phys. Chem, GO, 
996-1001s 
ITordhnm, J.W,L. and Williams, H.L, (1950) J. Am. Chem, 
Sot. 72, 4465-4469. 
Reynolds, W.L, and Kolthoff, 1-M. (1956) J. Phys. Chem. 60, 
969-974. 
Hardwick, T.J. (1959) Can. J. Chem. 35, 428-436. 
Sutton, H.C. and Winterbourn, C.C. (1984) Arch. Eiochem. 
Biophys. 235, 106-115. 
Schelly, 2.A. and Astumian, R,D. (1984) J. Phys. Chem. 88, 
1152-1156. 
Winston, G.W., Harvey, W., Bcrl, L. and Ccderbaum, A.I. 
(1983) Biohem. J. 216. 415-421. 
brr, .R.J. and Williams, H.L. (1953) J. Phys. Chem. 57, 
925-93 I. 
Reich, L. and Stivala, S.S. (1969) Autoxidation of Hydrocar- 
bons and Polyolefins. Kinetics and Mechanism, pp. 249-335, 
Marcel Dekker, New York. 
Fordham, J.W.L. and Willhms, H.L, (1951) J, Am. Chem, 
Sot. 73, 1634-1637. 
Garnier-Suillerot, A,. Tosi, L. and Paniago, E. (1984) Biochim. 
Biophys. Acta 794, 307-312. 


